Increased suspended sediment (SS) loads originating from peatland drainage are widely recognized 32 (e.g., Robinson and Blyth 1982 , Prévost et al. 1999 , Pavey et al. 2007 ) and the resulting strain on 33 receiving water bodies raises concern (e.g., Ramchunder et al. 2009 ). In the boreal region, peat soils 34 have been drained mainly for forestry, agriculture, and peat harvesting (Päivänen and Hånell 2012) . 35 Controlling sediment loads from these areas has been addressed, e.g., by flow control structures or 36 ditch-blocking (Amatya et al. 2003 , Holden et al. 2007 ), wetland buffers (Nieminen et al. 2005, 37 Hansen et al. 2013), and sedimentation ponds (Joensuu et al. 1999 , Samson-Dô 2015 . 38 In forestry-drained sites, SS loads return close to pre-drainage conditions after the effect of initial 39 first-time drainage levels down Huttunen 1999, Prévost et al. 1999 ). In the 40 Fennoscandian conditions, however, ditch network maintenance (DNM) is typically required every 41 20-40 years (Hökkä et al. 2000) . DNM reactivates ditch erosion processes increasing SS loads again, 42 with major exports during the first year (Manninen 1998 , Joensuu et al. 2002 , Hansen et al. 2013 ). In 43 Finland and Sweden, where drained peatland forests cover about 6.5 Mha (Päivänen and Hånell 2012) , 44 planning sediment control along with DNM is promoted by guidelines for forestry water protection 45 (e.g., Ring et al. 2008 , Vanhatalo et al. 2015 . These guidelines list sedimentation ponds and pits, peak 46 runoff control (PRC), breaks in cleaning, submerged weirs, and wetland buffers as structures for 47 D r a f t 4 68% (Kløve 2000) and -379-85% (Samson-Dô 2015) . Among structures aiming to retain SS, wetland 57 buffers have been acknowledged as highly efficient (Sallantaus et al. 1998 , Nieminen et al. 2005 . 58 However, buffer construction is restricted to areas, where sloping land enables high water table only in 59 the buffer itself, without raising water table and disturbing tree growth upstream. Hence, other 60 sediment control structures implemented in ditch networks are used in operational forestry much more 61 frequently than wetland buffers. 62 Compared to sedimentation ponds and wetland buffers, for which sediment retention can be 63 quantified as the difference between sediment input and output, determining the efficiency of PRC 64 requires a more complex experimental setup. PRC structures, consisting of a set of throughflow pipes, 65 are designed to retain runoff during peak flows with the aim of decreasing erosion and enhancing 66 deposition. Amatya et al. (2003) applied a paired catchment approach and reported annual reductions 67 of 0.3-89% over five years. In a corresponding setup in Finland by , 68 sediment exports were reduced by 81-90%. Similar high reductions have been reported in peat 69 harvesting (e.g, Kløve 2000) . Furthermore, studied PRC in five forestry 70 catchments and reported efficient runoff retention, but were unable to quantify SS load reduction due 71 to infrequent sampling. conditions due to structures ponding water raise concern in operational forestry, Hökkä et al. (2011) in such circumstances. The study builds upon the earlier work of Haahti et al. (2016a Haahti et al. ( , 2016b 91 comprising spatially distributed modeling of hydrological processes, peat erosion and transport in a 5.2 92 ha forestry-drained peatland catchment after DNM. The work was extended in this study to simulate 93 catchment hydrology and sediment transport after DNM with 14 sediment control scenarios derived 94 from forestry guidelines (e.g., Vanhatalo et al. 2015) featuring individual structures and their 95 combinations. The study was limited to the first year after DNM to demonstrate the performance of 96 sediment control structures during the time of the highest loads (e.g., Joensuu et al. 2002) . One 97 additional scenario represented the prevailing conditions, with a V-notch weir at the catchment outlet, 98 which was validated against the field data by Haahti et al. (2016a) . All scenarios were compared 99 against a baseline scenario, where no structures affected the catchment sediment processes. Based on 100 the simulation results, we aimed to supplement experimentally gained knowledge on sediment control 101 structures and to derive implications to operational level guidance by assessing 1) the overall 102 efficiencies of the alternative scenarios, 2) the processes controlling the efficiency of different 103 structures over the first year, and 3) the impacts on drainage conditions. D r a f t 6 Eastern Finland (Fig. 1a) . The long-term (1981 The long-term ( -2010 annual mean values for regional air temperature 108 and precipitation were 2.3°C and 591 mm, respectively. The studied catchment is part of a larger 109 Koivupuro catchment (Fig. 1b) , which was initially drained in 1983 and DNM was conducted in 110 August 2011. During DNM, the ditches were dug to a depth of 1 m and a width of about 2 m. Only 111 about 20% of the ditches in the studied catchment reached the mineral soil below the peat layer 112 (Fig. 1c) .
113
After DNM, the studied catchment was intensively monitored, including e.g. discharge, water table   114 depth, ditch water depth, and a variety of erosion related measurements (see Haahti et al. 2016a, 115 2016b). For monitoring discharge, a V-notch weir was installed at the catchment outlet during DNM.
116
Flow over the V-notch followed the stage-discharge relationship:
where Q is the discharge (m 3 /s), h is the upstream water depth (m), and h weir is the distance between 118 the ditch bed and the bottom of the V-notch (0.27 m). This study builds upon earlier studies, which have focused on modeling hydrology (Haahti et al. 122 2016b) and sediment transport (Haahti et al. 2016a) in the same catchment (Fig. 1c ). In the study by 123 Haahti et al. (2016b) , the hydrological FLUSH model (Warsta et al. 2013) In the following sections, we present the practical guidelines related to the five investigated 163 structures (Päivinen et al. 2011 , Joensuu et al. 2012 , Vanhatalo et al. 2015 , and the selected 
Sedimentation ponds and pits

170
Sedimentation ponds are typically dimensioned based on the mean spring maximum discharge 171 estimated using the method by Seuna (1983) . Following the approach by Joensuu et al. (2012) , the 172 water surface area of the pond is determined by dividing this discharge by the settling velocity (1 m/h 173 for fine sediments). The length, width, and depth of the pond are subsequently chosen so that the width 174 to length ratio is between 1:3 and 1:7, the flow velocity does not exceed 1 cm/s, and the pond water 
178
In contrast to significantly larger sedimentation ponds, the purpose of small-sized sedimentation 179 pits is to trap sediments eroded from the feeder ditches, especially during and immediately after DNM 180 (Vanhatalo et al. 2015) . Sedimentation pits were characterized in the model by a trapezoidal cross-D r a f t
Breaks in cleaning
184
To prevent erosion in steep ditch sections, guidelines suggest to leave up to a few tens of meters of 185 such sections uncleaned during DNM (e.g., Vanhatalo et al. 2015) . We assumed that the elevation of of considerable erosion risk already before DNM (Päivinen et al. 2011 ). Another purpose is to improve 199 the efficiency of a sedimentation pond by installing a submerged weir at its outlet (Vanhatalo et al. 200 2015). Submerged weirs were implemented in the model in two ways depending on whether they were 201 located within the network or at its outlet.
202
Within the network, the submerged weir was described as a short elevated section filled to the 203 height of the weir (h weir , Fig. 2d ). The material used to construct submerged weirs should prevent flow 204 from washing the weir away, which was translated to the model by defining zero bed erodibility at the
where Q is discharge (m 
Peak runoff control (PRC)
212
PRC enables temporary storage of runoff in the ditch network during high flow events decreasing 213 erosion and increasing deposition within the ditch network (Vanhatalo et al. 2015) . Detention is 214 typically achieved with two control pipes as shown in Fig. 3a . Theoretically, the 215 discharge through the structure follows the equation for flow through a small orifice (Hamill 2001) :
where C is the loss coefficient (0.5 according to should be installed 30-40 cm below the surrounding soil surface elevation (Joensuu et al. 2012 ).
222
Accordingly, we selected two-pipe setup that ensured flow retention up to the estimated mean spring 223 maximum discharge, 10.9 l/s (Fig. 3b) . The rating curve (Fig. 3b) was used in the model as the 224 downstream boundary condition at the catchment outlet. ( Fig. 4b) were compared against this baseline scenario (Fig. 4a) .
235
In the first sediment control scenario, the sedimentation pond presented in Fig. 2a was implemented 236 before the catchment outlet (Fig. 4c) . The pond was further combined with a 0.3-m-high submerged 237 weir ( Fig. 4j) and PRC (Fig. 4k ) following guideline recommendations (e.g., Päivinen et al. 2011 ).
238
PRC was also implemented by itself at the catchment outlet (Fig. 4g) , and combined with a 239 sedimentation pit (Fig. 4o) . A pit or a pond before the PRC structure is recommended to avoid 240 blockage of the lower pipe due to the accumulation of deposits (e.g., Joensuu et al. 2012 ).
241
Sedimentation pits are recommended in feeder ditches about 5 m before all junctions and 242 additionally every 50-100 m along the feeder ditches (Vanhatalo et al. 2015) . We selected two below the surrounding soil surface (Fig. 5w) , i.e. the level of the overflow pipe (Fig. 3b ).
292
The pond increased the frequency of low flow velocities, and the velocity of 0.03 m/s was never 293 exceeded in the pond (Fig. 5f) . Similarly, within the pits velocities were low, but contrary to 294 expectations higher velocities at other locations in the ditch network became more frequent (Fig. 5j) .
295
Closer inspection revealed these higher velocities occurred before the pits. The inlet points of pits were 296 at a higher elevation than their outlet points, which created high velocities over the inlet edge of the 297 pits.
298
The break in cleaning and the submerged weir both increased ditch water level along the structure 299 (Figs. 5o,s), as the ditch bottom level was elevated at their locations (Figs. 2c,d ). Flow velocities were, 300 however, differently affected; the break prevented the highest velocities (Fig. 5n) , while the submerged 301 weir led to more frequent high velocities (Fig. 5r ). Higher flow resistance along the break maintained (Fig. 5r ), which will not lead to erosion in the model as the weir was described as 304 non-eroding.
305
The raised ditch water levels caused by the structures (Figs. 5c,o 
Impacts on SS processes
319
The median SS load produced for the Baseline scenario was 44 kg/ha for the first year after DNM 320 (Fig. 7a) . Most of the load was exported during the exceptionally rainy summer (Fig. 7a ). All 321 simulated sediment control scenarios decreased SS load except for the scenarios featuring pits only 322 ( Fig. 7b , Table 2 ). The load increase by the Pits1 and Pits2 was caused by the increased bed erosion 323 ( Fig. 7c) , which resulted from the higher flow velocities before the pits.
324
The V-notch decreased SS load notably as its ponding effect (Figs. 5b,c) reduced bed erosion and 325 enhanced deposition (Figs. 7c,e) . The ponding caused by the weir also reduced bank erosion, but only 326 slightly (Fig. 7d ) as the exposed bank area decreased due to higher ditch water levels (Fig. 5c ). The 327 D r a f t 15 structure scenarios, the SWeir was the most efficient decreasing SS load by 16-46% (Table 2 ). The
334
Breaks was also efficient in decreasing SS load (Table 2) and was the scenario with the most notable 335 effect on bank erosion (Fig. 7d) , although marginal compared to the total amount of bank erosion 336 (Fig. 7a) .
337
Combining structures (Break, SWeir, PRC) with pits (Pit-Break, Pit-SWeir, and Pit-PRC) did not 338 improve SS load reduction (Fig. 7b, Table 2 ). Adding breaks in clening after the pits (Pits-Breaks) 339 improved sediment control compared to the Pits1 (Fig. 7b) . The short breaks in cleaning ensured that 340 flow velocity would not increase before the pits, as in the Pits1 (Fig. 5j) . Compared to the Pits-Breaks,
341
the Breaks was more efficient (Fig. 7b , Table 2 ). Combining a damming structure with the pond 342 (Pond-SWeir and Pond-PRC) improved sediment control compared to the Pond (Fig. 7b , Table 2 ).
343
Also, the Pond-PRC improved sediment control compared to the scenario without a pond (PRC), but 344 the median reduction increased only by 2 percentage points ( Table 2 ). The last combination scenario 345 (Break-Pond-PRC) was the most efficient decreasing SS load by 19-52% (Table 2) .
346
The temporal variations of the two-week reductions of SS load (Figs. 8c-q) were mostly explained 347 by the magnitude of the loads (Fig. 8b ) which in turn were driven by hydrological conditions (Fig. 8a) .
348
Many scenarios reached their peak reduction during the snowmelt period (e.g., Figs. 8g,h), which had 349 the highest SS load (Fig. 8b) . The undulating reductions during the summer common for many 350 scenarios (e.g., Figs. 8g,h) were also mainly caused by the variability of the SS load (Fig. 8b) were low (Fig. 8b) , which explains why this was not reflected in the overall reductions ( At the time of DNM, forest managers are faced with a choice between many alternatives for 361 sediment control, comparable to the scenarios of this study (Fig. 4) This study presented a purely scenario-based evaluation of sediment control alternatives, but the 380 modeling work behind this study was strongly linked to field data (Haahti et al. 2016a (Haahti et al. , 2016b .
381
Applying models to evaluate outcomes of alternative scenarios whether it concerns agricultural 382 practices, climate change, or optimizing forest management (e.g., Vaché et al. 2002, Andréasson et al. 383 D r a f t assumptions and simplifications, which should be considered when evaluating the model outcomes. In 385 the case of our simulations, e.g., the submerged weir was fully watertight and unaffected by erosion, 386 water in the PRC pipe could not freeze (e.g., , and possible exposure of erosion 387 sensitive mineral subsoil, e.g., in the pond, was not accounted for. It can also be questioned, whether a 388 one-dimensional model is adequate in describing flow patterns in large sedimentation ponds (e.g., 389 Mohammadighavam et al. 2015) . Despite these minor deficiencies, we argue that our modeling 390 approach, which has a sound theoretical framework and has gone through validation against field data (Fig. 8d) , when flow rates were relatively low and SS concentrations high (see would not be particularly cost-effective. The V-notch weir (Fig. 8c) behaved similarly to the pond 413 whereas PRC, which performed better during later times, was less efficient in trapping the initial 414 sediment load (Fig. 8h) . To enhance the performance of PRC, the lower pipe of the structure could be 415 sealed temporarily to increase sediment deposition during the time of low flow rates during and after 416 DNM. Poor performance of PRC at this initial stage has not been reported in earlier experimental 417 studies. However, many other common features with earlier studies were observed, including change 418 in the form of the hydrograph (Amatya et al. 2003 , increased deposition (Marttila 419 and Kløve 2010), and the highest reductions occurring during snowmelt (Kløve 2000) .
420
Compared to sedimentation ponds and pits, the scenarios with structures aiming to decrease erosion 421 (PRC, breaks in cleaning, submerged weir) reduced SS loads more efficiently ( The SS load reductions for the structures targeting erosion presented in Table 2 give an idea of their 432 efficiency, but obviously are strongly site-dependent. For example, on a steeper site, PRC would not 433 be able to retain flow as effectively protecting only a small part of the ditch network from erosion 434 (e.g., load could plausibly be cut down efficiently (Sallantaus et al. 1998 , Nieminen et al. 2005 . Another 448 possibility would be to adopt measures from peat harvesting where ponds are equipped with barrier 449 structures (e.g., Mohammadighavam et al. 2015) . Alternative methods for DNM, where disturbance of 450 the ditch banks is minimized by special excavator scoops, should also be further explored (e.g., 451 Hansen et al. 2013) . Finally, it is highly important regarding SS load control to avoid DNM when it is 452 unnecessary due to high stand evapotranspiration (Sarkkola et al. 2010) 162x153mm (300 x 300 DPI)
